Abstract-This paper presents a measurement method that completely characterizes lossy printed multiconductor transmission lines. It determines not only the matrices of impedances and admittances per unit length describing the transmission line in the conductor representation, but also the propagation constants, characteristic impedances, and cross-powers for each mode supported in the line. We apply the method to a pair of lossy coupled asymmetric microstrip lines.
I. INTRODUCTION
T HIS PAPER presents a measurement method that determines all of the modal and "power-normalized" conductor quantities of [1] and [2] describing a multiconductor transmission line. The method eliminates the requirement of [3] that the relationships between the modal and conductor voltages be fixed by symmetry conditions and known in advance. We demonstrate this by applying the method to a pair of lossy asymmetric coupled microstrip lines.
The method consists of performing numerous two-port scattering-parameter measurements on multiple lengths of a multiconductor transmission line. In each case we connect the terminals at each of the analyzer measurement ports between one of the conductors of the transmission line and its ground; previously characterized loads connect all of the remaining conductors at both the near and far ends of the line to their grounds. We apply the weighted orthogonal distance regression algorithm of [4] to find the matrices of transmission line impedances and admittances per unit length that best reproduce the two-port measurements. The procedure places no restriction on the values of terminating impedances, uses all of the available data in an optimal fashion, and can provide error estimates for the results.
We apply the method in several stages. First we verify useful properties without making any assumptions about the line. We then determine the low-frequency limit of the lines capacitance matrix and use these results to resolve the problem with improved accuracy. As discussed in [5] , at this final stage of the analysis we can also add a reciprocal error box to the problem to account for the transition parasitics: this may be is useful when the multiconductor transmission lines are embedded in connectors or in a package with significant electrical parasitics.
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II. THE TRANSMISSION-LINE MODES
The total transverse electric field and magnetic field in a closed transmission line that is uniform in and constructed of linear isotropic materials can be written as [6] (1) where and are the modal voltages and currents of the th mode, and are its transverse modal electric and magnetic fields (functions only of the transverse coordinates and ), the sums span all of the excited modes in the line, and the time harmonic dependence , where is the real angular frequency, has been suppressed. In open guides we must add a continuous spectrum of modes to this discrete set [7] , which we assume that we can neglect.
We restrict the normalizing voltages and currents by , where so that the power carried in the forward direction by the th forward and backward modes in the absence of any other modes in the guide is given by this is the conventional normalization and corresponds to the power condition used in [1] and [8] and suggested by Brews [9] . The characteristic impedance of the th mode is its magnitude is fixed by the choice of or while its phase is fixed by The vectors of modal voltages and modal currents satisfy the transmission line equations as follows: (2) where the matrices of modal impedance and admittances per unit length are defined by and [1] . The modal equivalent circuit per unit length of the multiconductor line is sketched in the upper part of Fig. 1 .
When a finite number of the discrete modes are excited in the line, the total complex power carried in the forward direction is (3) where the superscript indicates the Hermitian adjoint (conjugate transpose), the elements of the cross-power matrix are defined by , and the integrals are performed over the entire transmission-line cross section [1] . 
III. CONDUCTOR REPRESENTATION
Since every excited mode in a multiconductor transmission line will impress a voltage across each of its conductors, the total voltage between any given pair of its conductors will be a linear combination of all of the modal voltages of the excited modes. Likewise the total current in any given conductor will be a linear combination of the modal currents. References [1] and [2] refer to these linear combinations of modal voltages and currents as the "conductor" voltages and currents; [10] compares the modal and conductor representations.
The vectors of conductor voltages and currents of [1] and [2] are defined by and where the matrices and are unitless. The vectors and are "power-normalized" in [1] and [2] so that : this requires that and satisfy The vectors and satisfy the transmission line equations (4) where the matrices of conductor impedance and admittances per unit length are defined by and [1] . The conductor equivalent circuit per unit length of the multiconductor line is sketched in the lower part of Fig. 1 .
IV. DETERMINATION OF MODAL PARAMETERS FROM AND
The measurement algorithm uses the procedure outlined in [1] for determining and the impedance matrix of the multiconductor transmission line from and This procedure, which reduces to that used in [3] for a pair of symmetric coupled microstrip transmission lines, is based on the fact that and diagonalize and the eigenvalues of (or determine while the columns of are proportional to the eigenvectors of and the columns of are proportional to the eigenvectors of The proportionality constants needed to fix the columns of are determined from the definitions of the modal voltage paths in terms of the conductor paths. The coupled lines we studied support two dominant quasi-TEM modes, which are commonly called the c and modes, and which correspond to the even and the odd mode of the symmetric case, respectively; we assumed that only these two modes were significantly excited in the coupled lines. Thus we fixed the first column of which corresponded to the c mode, by setting equal to one; this defines the c-mode voltage equal to that between the second microstrip conductor and the ground plane. We fixed the second column of which corresponded to the mode, by setting this defines themode voltage equal to the difference of the voltages between the first and second microstrip conductors. These conditions completely determine and are easily extended to other cases.
The proportionality constants needed to fix the columns of are found from the relation , which implies that the product of each column of and the complex conjugate of the corresponding column of must be equal to a diagonal element of all of which are equal to one. Once and are determined we can find all of the modal parameters from , and Calculations show that the reciprocity matrix of coupled microstrip lines in the conductor representation is nearly the identity, so we can approximate the diagonal matrix of modal reciprocity factors from [1] . We needed to calculate the full conductor impedance matrix of the sections of line during the optimization process to predict the measured two-port impedance matrices from the estimates of and which we allowed to vary during the optimization process, and the measured termination impedances. We determined from [1] 
where is the length of the line, and V. MEASUREMENT PROCEDURE Fig. 2 illustrates the measurement procedure. It begins with a multiline TRL calibration [11] with reference impedance correction [12] in the microstrip access lines to correct for the imperfections in the analyzer and to remove the effects of the wafer probes, via-hole transitions (not shown), and microstrip access lines used to connect the analyzer to the coupled lines: this eliminates the models of [3] required to account for the contacts and access lines. The initial reference plane of this calibration is in the middle of the shortest line, marked A in Fig. 2 . We move this reference plane to the position marked B in Fig. 2 to determine the impedances of our imperfect loads, which consisted of a section of the access line, a probe, and a coaxial load. We set the calibration reference planes to C of Fig. 2 to measure the two-port impedances of the coupled lines terminated with these imperfect loads. The figure shows only one of the combinations of probe and termination connections we used: the entire set of measurements included all of the possible connections of the probes and terminations. As explained in the introduction we optimize the values of and using the algorithm of [4] until the measured twoport impedance matrices best agreed in a least-squares sense to the two-port impedance matrices calculated from the fourport transmission line impedance matrix of (5), which is a function of the values of and being optimized, and the measured impedances of the terminations connected to the remaining ports.
We apply the optimization in three stages, first without making any assumptions about or We used this first optimization to verify that is small, is nearly frequency independent, and and are symmetric, properties that we also verified with the full-wave calculation method of [13] . We then set the elements of to zero and all of the other matrices symmetric, and repeat the optimization to determine the low-frequency limit of We perform the optimization a final time with set to this low-frequency limit. The corresponding conductor equivalent circuit model of the transmission line used in this final optimization is shown in the lower part of Fig. 1 . We found that the noise in and the modal parameters at this last stage of the analysis was somewhat lower than in the earlier stages.
We tested the method with two asymmetric coupled microstrip lines contacted by single-mode access lines fabricated on the same substrate. The coupled lines had widths of 54 m and 254 m separated by a gap of 45 m printed on an alumina substrate with an approximate thickness of 254 m and lengths of 1 mm, 6 mm, 11 mm, 16 mm, and 21 mm. Their conductor metallization had a measured thickness of 1.8 m and measured dc conductivity of The procedure ignores coupling between the access lines and parasitics at the junction between the access and coupled lines (point C of Fig. 2 ). For this reason we constructed the access lines at 90 angles to reduce coupling between them, as illustrated in the figure. The access lines also form an abrupt connection to the conductors of the asymmetric coupled line to reduce parasitics there. 
VI. MEASUREMENTS OF MODAL QUANTITIES
Figs. 4 and 5 show modal quantities measured by the procedure. The figures show that the conductor and modal quantities compare reasonably well to calculations using the full-wave method of [13] . For the calculations we assumed that the substrate had a dielectric constant of 10 and was lossless.
We found that the calculations shown in Fig. 4 were quite sensitive to the size of the artificial magnetic box placed around the lines. While increasing the size of this box improved agreement with the measurements it also slowed solution time. The calculations shown in the figure correspond to a 2854 m wide by 1460 m high box, the largest box we were able to simulate with our computer. Extrapolations based on the smaller magnetic boxes we used indicated that the remaining systematic offsets between the numerical and measured results in Fig. 4 are due in large part to the box. Solid lines refer to measurements, dashed lines refer to values from the full-wave calculation method of [13] .
Reference [5] shows that the discrepancy between the measured and calculated modal cross-powers in Fig. 5 are due to neglecting transition parasitics in the measurement procedure reported here. Despite the discrepancies, Fig. 5 clearly shows that, as predicted by [14] , the modal crosspowers are significant at low microwave frequencies and cannot be ignored in the analysis. Reference [15] shows that the elements of and change in the region where the modal cross-powers become significant; methods such as that of [3] , which assume these quantities to be frequency independent, will fail there.
VII. CONCLUSION
We presented a method for the measurement and characterization of lossy asymmetric printed multiconductor transmission lines, important components in electronic packages. The method not only determines the matrices of transmission line capacitance, conductance, inductance, and resistance per unit length in the conductor representations of [1] and [2] , but all of the modal quantities, including the modal propagation constants, characteristic impedances, and cross-powers.
The method is based on rigorous relations between the transmission lines conductor representation, its modal representation, and its impedance matrix. This allows it to be used to characterize lossy asymmetric coupled lines in which the modal cross powers are significant and the relationships between the modal and conductor voltages and currents are complex and frequency dependent.
In our experiments transition parasitics were small. However, [5] shows that the method can also be adapted to de-embed transition parasitics between the analyzer reference planes and multiconductor transmission lines. Although not demonstrated here the method should also be applicable to transmission lines with more than three conductors.
